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ABSTRACT 
This report presents a Clemson University ceramic engineering 
class design for a lunar fiberglass plant. The properties of 
glass fibers and metal-matrix composites are examined, then lunar 
geology is summarized. CS raw material and site are selected based 
on this information. A detailed plant design is presented, and 
summer experiments to be carried out at Johnson Space Center are 
reviewed. 
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INTRODUCTION 
NASA's long-range p lans  c a l l  f o r  a manned Moon base. When 
people r e t u r n  t o  the  Moon t o  s tay ,  they w i l l  need t o  b u i l d  
s t r u c t u r e s .  S ince the  p r o j e c t e d  c o s t s  o f  t r a n s p o r t i n g  m a t e r i a l s  
from E a r t h  t o  the  Moon a r e  tens  o f  thousands o f  d o l l a r s  per 
k i logram,  i t  would be expensive (perhaps p r o h i b i t i v e )  t o  b r i n g  
these m a t e r i a l s  from Ear th .  A n  obv ious s o l u t i o n  i s  t o  b u i l d  w i t h  
l o c a l l y  a v a i l a b l e  m a t e r i a l s .  I n  p a r t i c u l a r ,  t h i s  paper w i l l  
i n v e s t i g a t e  the  s u i t a b i l i t y  o f  us ing  l o c a l  m a t e r i a l s  f o r  making 
g l a s s - f i b e r - r e i n f o r c e d  meta l -matr ix  composites, h e r e a f t e r  r e f e r r e d  
t o  as f i b e r g l a s s .  
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GLASS FORMATION 
When c e r t a i n  m a t e r i a l s  a r e  heated above t h e i r  m e l t i n g  p o i n t ,  
a l i q u i d  i s  formed which becomes more f l u i d  as the  temperature 
increases.  A g l a s s  i s  formed when l i q u i d  m a t e r i a l  i s  cooled below 
i t s  m e l t i n g  p o i n t ,  becoming more v iscous  u n t i l  t h e  l i q u i d  forms a 
n o n c r y s t a l l i n e  s o l i d .  The c o r r e c t  thermodynamic r e a c t i o n s  m u s t  
occur i n  o rde r  f o r  c r y s t a l s  n o t  t o  form. The r e a c t i o n  i s  a 
t ime-temperature dependent t rans fo rma t ion  ( F i g u r e  1). Temperature 
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F i g u r e  1 
i s  on t h e  o rd ina te ,  and 
t ime  i s  on the  abscissa. 
The n ose-s ha ped curve  
represents  t h e  vo 1 ume 
f r a c t i o n  o f  c r y s t a l  present  
a t  t h e  g i ven  c o n d i t i o n .  
I n  order  t o  form a 
homogeneous g 1 ass t h e  
c o o l i n g  r a t e  o f  t h e  l i q u i d  
m u s t  c u t  across t he  
nose-shaped curve, o r  
c r y s t a l s  w i l l  nuc lea te .  
Small  a d d i t i o n s  t o  t h e  
g l a s s  system can s h i f t  t h e  curve  h o r i z o n t a l l y .  A d d i t i o n s  o f  i r o n  
and t i t a n i u m  tend t o  s h i f t  t h e  curve  t o  t h e  l e f t ,  which increases 
t h e  c o o l i n g  r a t e  of  t h e  g l a s s  and makes g l a s s  fo rma t ion  d i f f i c u l t .  
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GLASS MANUFACTURING 
Glass, a noncrystalline solid, can be manufactured into 
fibers and placed into a matrix to form structural material. The 
embedding of lunar glass fibers into metals derived from ilmenite 
processing has good potential for producing structural materials 
to support a lunar base infrastructure. 
Glass fibers are processed two ways on an industrial scale 
(Doyle, 1979). One produces continuous fibers and the other 
produces discontinuous fibers. The textile process produces 
continuous fibers, while the spinnerette process produces 
discontinuous short fibers. 
In the continuous process (Figure 21, glass fibers are drawn 
I 
wlter spray P Fibre size applicator Gathering shoe 
k Trawrae 
F@. 5.26. Schematic representation of mechanical attenuation for the forming of contiiur,,r,r 
glass fibres. The bushing is fd either with marbles, or directly with liquid glass from a lore- 
hearth 
Figure 2 
from many holes at the! bottom of a furnace called bushings and are 
collected on a Spinning spool called a collet. Operation 
temperatures of the averaqe commercial glass are about 10000 C to 
. 
4 
._ 
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11500 C, which correspond to glass viscosities of approximately 
500 to 100 poises. The fiber diameter is dependent on bushing 
temperature and collet wind speed. This process requires much - 
manual assistance to feed the fiber into the collet when fiber 
breakage occurs. The process was incorporated into Clemson's 
experimental apparatus for simplicity and safety. 
FOREHEARTH 
The spinnerette process (Figure 
3 )  9 which produces short 
discontinuous fibers, uses only a 
large single bushing. One stream of 
glass is directed to a spinnerette 
which contains 4000 small holes in 
its side. By centrifugal force and 
gas attenuation the glass is forced 
out of the basket. The operation 
W 
viscosity of 1000 poises used in 
CONVEVOR FLOW industry lies in a temperature range 
9 - --IT=.---- 2-2 *-- 
Figure 3 glasses. Lunar glass will probably 
operate at temperatures above 1150" C and will not u5e gas 
attenuation for drawing. The spinnerette process has been 
incorporated into the glass furnace design because it can be 
easily automated. 
LUNAR GLFISSES 
Radiative cooling experiments performed by FIrdnt (1977) on 
typical anorthositic and basaltic lunar glass compositions showed 
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that basalt must be cooled at a rate of 30" K per minute to form 
nucleation-free glass, while the anorthosite sample did not 
crystallize at the slowest radiative cooling rates attainable. 
This may lead one to believe that anorthite would be an ideal 
glass composition; however, experiments with anorthite (Klein and 
Uhlmann, 1974) point out that [pure] liquid anorthite held in the 
range between 1423O K and 1670" K crystallizes rapidly. This 
temperature range corresponds to the viscosity needed t o  produce 
fiberglass, 500 to 1000 poises. The magnitude of crystallization 
would make it impossible to produce glass fibers. 
In the summer of 1986 at Johnson Space Center, the Clemson 
group experimented with simulated glass of the average Apollo 16 
regolith composition. Glass fibers were pulled over a narrow 
range from lZOOO C t o  1250" C, and nucleation was present. 
Investigations of Apollo 16 lunar glass (Uhlmann et al., 1977) 
have shown that sample 67975 (Table 1 )  i s  the best glass former. 
Sample 67975 is higher in AlZOJ and SiO=, and low in Ti02, MgO, 
and FeO. Glasses of the compositions of Apollo 16 soils 60501 and 
61221 were investigated (Ridley et al., 1973). These glasses 
contained ratios of Mq/(Fe+Mg) of approximately 0.72, and are 
thought to be good glass formers. The glass formed from the 
simulated average Apollo 16 regolith had a ratio of Mg/(Fe+Mg) of 
0.51, and nucleation was present upon formation. The glasses from 
both investigations ware anorthositic in nature. Glass 
compositions that follow the trends of sample 67975 and soil 
samples 60501 and 61221 are to be investigated by Clemson this 
summer at Johnson Space Center. 
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T A B L E  1 
C O M P O S I T I O N S  O F  A P O L L O  16 S A M P L E S  ( W E I G H T  Z) 
O x i d e  67975 60501 61221 
S i O =  44.7 
A 1 zoz 30.4 
C a O  18.3 
MgO 1.2 
F e O  2 . 5  
T i O z  0.7 
M g / M g + F e  - 
45.24 45.54 
27.61 27.68 
15.59 15.73 
6.40 5.62 
4.63 4.60 
0.44 0.42 
0.73 0 .70  
M E T A L  M A T R I X  C O M P O S I T E S  
F ibe r - re in fo rced  Composite Cross-section 
c o m p o s i t e s  (F igu re  4 )  a r e  
c o m p o s e d  o f  s t i f f  f i b e r s  i n  a 
p l a s t i c  m a t r i x .  G l a s s  f i b e r s  
by t h e m s e l v e s  a re  very strong, 
but  a r e  a l s o  very b r i t t l e .  
When they a r e  e m b e d d e d  i n  a 
d u c t i l e  m a t r i x  and the m a t e r i a l  
i s  stressed, the m a t r i x  d e f o r m s  F iber  Matrlx 
and d i s t r i b u t e s  s o m e  of the F i g u r e  4 
st ress m o r e  evenly  throughout the f i b e r  n e t w o r k .  A m e t a l - m a t r i x  
c o m p o s i t e ,  then, has m o s t  of the s t rength  o f  the f i b e r s  and m o s t  
o f  the  toughness o f  the m a t r i x .  
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Composites of glass bers in meta matrices have been 
investigated using aluminum as the matrix. Rolls Royce has shown 
(Arridge, 1964) that these composites can be made. Clemson 
University will investigate metal matrix alloys of 
magnesium/aluminum and iron/titanium. The four metals are all 
present on the Moon. The iron/titanium alloy is the most 
desireable because both metals are by-products of a process which 
reduces ilmenite (iron-titanium oxide) to produce oxygen. 
Both magnesium/aluminum and 
ironltitanium alloys are used 
because eutectic points of each 
system occur at useable 
compositions (American Society for 
Metals, 1973). A eutectic point 
(Figure 5) occurs when the two end 
members of a system are mixed 
together at a certain ratio, 
producing an alloy with a minimum 
me1 ting point. The 
magnesium/aluminum system has two 
eutectics: one at a weight percent 
of 68% A1 and the other at 37.7% 
Al. The melting point of the first 
'C 
Simple Binary 
Phase Diagram 
0 20 40 60 80 IO0 
A Wt.  x of 0 0 
Weight X A10 
Mg/Al 
Mg A1 
38 62 
Mg AI 
6b 34 
Ti/Fe 
Ti Fe 
65 35 
Figure 5 
O C  
r@ 451 
@ 437 
Q 1068 
is 451O C and that of the latter is 4374 C. On the other hand the 
iron/titanium system ha5 only one eutectic point which occurs at 
67% Ti and which melts at 10680 C. 
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This summer the Clemson group will first attempt to produce a 
glass composite utilizing ordered and/or randomly oriented bottle 
fibers in a magnesium/aluminum matrix. After successfully - 
producing a composite of these materials, the Clemson team will 
investigate a composite incorporating glass fibers from simulated 
lunar regolith in a magnesium/aluminum matrix, and also the same 
fibers in an iron/titanium matrix. 
GEOLOGY AND SITE SELECTION 
People who choose a site for a lunar plant often use such 
criteria a s  topography o r  fuel economy (for getting into and out 
of orbit). This site was chosen based on raw materials 
availability. Since processing lunar soil or rocks could be 
energy-intensive, minimizing the raw material processing is 
important. 
An overview of lunar geology i s  very simple. There are 
essentially two types of region on the Moon: maria and highlands. 
The maria, or lunar seas, are generally the dark areas. They are 
younger, fairly level lava flows that fill earlier impact basins. 
Basalt i s  the dominant rock type, and its composition varies 
widely. Pyroxene and feldspar (anorthite) are the dominant 
minerals, with significant amounts of olivine and ilmenite. The 
lunar highlands, on the other hand, are old pieces of original 
crust that have not been covered with lava. They are mostly 
anorthite and consequently are very light in color. Since they 
are so old, the highlands are saturated with craters. An 
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impor tan t  f a c t  t o  no te  i s  t h a t  t he  Moon's p l a g i o c l a s e  f e l d s p a r  i s  
most ly  ( > 9 5 % )  a n o r t h i t e ,  which i s  t h e  ca lc ium end member. 
Sodium i s  r a r e  on t h e  Moon because most o f  i t  l e f t  w i t h  o t h e r  
v o l a t i l e s  (Tay lo r ,  1982). 
R e g o l i t h  i s  the  name f o r  t h e  l u n a r  equ iva len t  o f  s o i l .  
M e t e o r i t i c  bombardment has broken, crushed, and mixed t h e  upper 
l a y e r  o f  c r u s t  t o  form a f i n e ,  powdery s o i l .  R e g o l i t h  i n  t h e  
maria averages o n l y  one t o  f i v e  meters t h i c k ,  w h i l e  i t  averages 
ten  t o  f i f t e e n  o r  even twenty meters t h i c k  i n  t h e  h igh lands.  T h i s  
d iscrepancy i s  due t o  t h e  d i f f e r e n c e  i n  ages; t h e  mare lavas  
f lowed a f t e r  most of  t h e  heavy m e t e o r i t i c  bombardment, thereby 
escaping most of  t h e  impacts. High lands r e g o l i t h  i s  a l s o  more 
homogeneous than mare r e g o l i t h  because t h e  c r u s t  ( t h a t  i s ,  t h e  
source m a t e r i a l )  i s  a l s o  more homogeneous, and has been mixed more 
( T a y l o r ,  1982). 
Many papers have suggested u s i n g  b a s a l t  as a source m a t e r i a l ,  
o r  adding i n g r e d i e n t s  impor ted from Ear th .  T h i s  paper seeks t o  
p resent  a ba tch  which does n o t  r e l y  on c o s t l y  impor ted 
i n g r e d i e n t s ,  and t o  show t h a t  b a s a l t  i s  n o t  a good feedstock.  
T h i s  des ign team chose t h e  A p o l l o  16 r e g o l i t h  as a raw m a t e r i a l  
f o r  t h e  g l a s s  f i b e r s  f o r  seve ra l  reasons t h a t  a r e  apparent f rom a 
knowledge o f  l una r  geology. These reasons are: composi t ion,  
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  and abundance. Another impor tan t  
f a c t o r  i s  t h a t  l a s t  y e a r ' s  Clemson team p u l l e d  f i b e r s  from 
s y n t h e t i c  m a t e r i a l  o f  t h i s  composi t ion.  
The Apo l l o  16 r e g o l i t h  i s  75-90 weight  percent  a n o r t h i t e ;  
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another name for this material is anorthosite (McKay and Williams, 
1979). A s  discussed earlier in this report, anorthite-rich 
material i s  superior t o  basalt a s  a glass-former because it i s  
harder to crystallize. Referring t o  Table 2, it i s  also evident 
that this soil has less iron and titanium than other lunar soils. 
FSs stated previously, these elements induce nucleation, which 
reduces the strength of the glass. Table 3 shows, in addition, 
that this soil is very homogeneous. It only varies in oxide 
content about 3.8% over the 12 kilometer traverse over which 
samples were taken. No other lunar soil sampled during the Apollo 
missions approaches this homogeneity. 
TFSBLE 2 
FSVERAGE COMPOSITION O F  APOLLO SOILS (WEIGHT Z) 
Oxide 11 12 14 15 16 17 
SiOz 42.0 46.4 47.9 46.6 44.9 40.4 
13.9 13.5 17.6 17.2 26.7 12.1 
CaO 12.0 10.5 11.2 11.6 15.6 10.8 
MqO 7.9 9.7 9.2 10.5 6.0 10.7 
FeO 15.7 15.5 10.4 11.6 5.5 17.1 
TiO= 7.5 2.7 1.7 1.4 0.6 8.3 
After Rose, 1973 
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TABLE 3 
OXIDE CONTENT EXTREMES IN APOLLO 16 SOILS (WEIGHT % )  
Oxide Least Most Variation 
Si02 44.7 
A1203 26.2 
CaO 15.3 
MgO 4.2 
F e O  4.1 
Ti02 0.4 
45.4 
29.0 
16.5 
6.4 
6.1 
0.7 
0.7 
3.8 
1.2 
2.2 
2.0 
0.3 
After Rose, 1973 
Apollo 16 regolith has a desireable particle size 
distribution. 95 weight percent of the particles are smaller than 
one centimeter in diameter, and 80 weight percent are smaller than 
250 microns in diameter. It is easier and more desirable to melt 
small particles because the batch is more homogeneous at the 
outset. Moreover, no energy-intensive mining or crushing of solid 
rock is needed. Screening can efficiently produce a small-grained 
batch, and most of the soil by weight would be used. 
Finally, highlands regolith is much thicker than mare 
regolith (Taylor, 1982). Since the source material is thicker per 
unit area, the transport system does not have to range as far. A 
deeper regolith also restricts the mining to a smaller surface 
area. 
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LUNAR FIBERGLASS PLANT 
F i g u r e  6 i s  a f l o w  c h a r t  of 
the  l u n a r  f i b e r g l a s s  p roduc t i on  
process. F i g u r e  7 i s  a schematic 
o f  the  e n t i r e  p l a n t .  Th i s  
s e c t i o n  w i l l  examine each o f  t he  
process ing s teps  and components 
i n  d e t a i l .  By r e f e r r i n g  t o  
F i g u r e s  6 and 7, readers can see 
how each s t e p  o r  p iece  f i t s  i n t o  
t h e  o v e r a l l  p i c t u r e .  
The f i r s t  s t e p  i s  t o  mine 
the  raw m a t e r i a l .  Several  o t h e r  
schools ,  such as Georgia 
I n s t i t u t e  of Technology, have 
exp lo red  t h i s  area. T h e  Clemson 
Fiberglass Production - 
Flow 
Mining a * Transport 
?-I Sift ing 
I Monitoring I 
Melting ri 
Collection 
Matr ix  el
I 
F i g u r e  6 
group assumed t h a t  some min ing 
process i n v o l v i n g  scrap ing  and/or scooping w i l l  be a v a i l a b l e .  
a f t e r  the  regolith i s  mined, i t  m u s t  b e  t r anspor ted  t o  the  
p l a n t .  Several  s tudents  i n v e s t i g a t e d  a cab le  c a r  system which 
would t r a n s p o r t  the  l una r  s o i l  ( s e e  Appendix A ) .  B r i e f l y ,  the  
system c o n s i s t s  of a s i n g l e  c a b l e  w i t h  o r e  cars .  The c a r r i e r s  
w i l l  have weighing and p o s i t i o n  sensors b u i l t  i n .  R e g o l i t h  w i l l  
be a u t o m a t i c a l l y  t ranspor ted  from the  min ing  s i t e  t o  the  P l a n t -  
When the  s o i l  a r r i v e s  a t  the  p l a n t ,  i t  w i l l  be preprocessed 
b e f o r e  m e l t i n g  ( F i g u r e  8 ) .  A screen o r  s e r i e s  o f  screens w i l l  
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Figure 7 
Lunar Fiberglass Plant 
Cable Car 
Sunlight Ref lector 
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Products 
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Preprocessing 
Sifting 
X-ray 
EM Separation 
Flourescence 
0 
0 
0 
/ 
/ 
Raw Batch 
s o r t  o u t  l a r g e r  
fragments. Some o f  t h e  
i r o n  may be removed v i a  
e lect romagnet ic  o r e  
separa t ion  s i n c e  i r o n  
and a n o r t h i t e  d i f f e r  
g r e a t l y  i n  magnetic 
susceptance. F i n a l l y ,  
X-ray f lourescence o f  
t h e  ba tch  w i l l  i n s u r e  
F i g u r e  8 t h a t  raw m a t e r i a l  o f  
rough ly  t h e  c o r r e c t  composi t ion a r r i v e s  a t  t h e  furnace. 
The furnace i s  a h y b r i d  u n i t ,  r e l y i n g  on b o t h  s o l a r  and 
e l e c t r i c  power. T h i s  obv ious l y  means t h a t  t h e  p l a n t  w i l l  o n l y  
opera te  a t  peak c a p a c i t y  d u r i n g  t h e  d a y l i g h t  hours. F i g u r e  9 i s  
a rough drawing o f  the furnace o p t i c s .  A Cassegrainian se tup  w i t h  
many h e l i o s t a t s  as a pr imary  m i r r o r  g i v e s  severa l  d e s i r e a b l e  
fea tu res .  The h e l i o s t a t s  a re  i n d i v i d u a l l y  s tee rab le ,  thus 
p r o v i d i n g  very  f i n e  c o n t r o l  o f  t h e  power i n p u t .  There a r e  n o  very  
l a r g e  m i r r o r s  o r  s t r u c t u r e s .  A lso  l i g h t  e n t e r s  t h e  furnace from 
above. T h i s  f a i r l y  convent iona l  setup l e t s  us use a c y l i n d r i c a l  
furnace w i t h  a r e s e r v o i r  o f  molten g l a s s  and an e x i t  h o l e  i n  the  
bottom. See Appendix B f o r  i n f o r m a t i o n  on m i r r o r  numbers and 
s i z i n g .  
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F i g u r e  10 i s  a d e t a i l e d  
drawing o f  the  furnace. Th is  
design is a combinat ion and 
m o d i f i c a t i o n  o f  two Earth-based 
designs: the  American Gas 
I n s t i t u t e  furnace and the  
Pochet fu rnace (see Appendix 
C ) .  The American Gas I n s t i t u t e  
fu rnace drops raw batch  on to  a 
ho t  knob a t  a temperature a few 
hundred degrees C e l s i u s  above 
the  m e l t i n g  p o i n t ,  a ve ry  f l u i d  
m e l t  f l o w s  down i n t o  the  bottom 
o f  t h e  furnace. The Pochet 
fu rnace i s  e s s e n t i a l l y  a funne l  
w i t h  v e r t i c a l  e l e c t r o d e s  i n  the  
bottom, around the  bushing. 
Raw batch  i s  added from the  top  
and me l t s  i n t o  the  l i q u i d  
g lass .  I n  Clemson's fu rnace a 
c arbon-carbon composite 
r e f r a c t o r y  w a l l  forms a 
c y l i n d e r  w i t h  a funnel-shaped 
bottom. Th is  c y l i n d e r  w i l l  be 
about 0.5 meter i n  diameter and 
1 meter h i g h  (see appendix D 
Furnace Optics: 
Cassegrainian Setup 
- Sunlight 
\ 
I 
\ He1 ios ta ts  / 
J 6 
F i g u r e  9 
Furnace 
Concentrated 
Sunliqht 
Glass 
F i g u r e  10 
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f o r  fu rnace s i z i n g ) .  A molybdenum heat s h i e l d  around the  
c i rcumference o f  t he  furnace w i l l  reduce heat l o s s  tremendously. 
FI r e f r a c t o r y  knob i s  suspended by a s e t  o f  crossed bars  i n  the  
upper p a r t  o f  the  furnace. Th is  knob s i t s  i n  the  f o c a l  p o i n t  of  
t he  fu rnace o p t i c s .  Raw batch  s l i d e s  down a chute  and f a l l s  on to  
the  knob. The s o i l  m e 1 t s . r a p i d l y  and f a l l s  i n t o  the  molten g l a s s  
r e s e r v o i r .  E l e c t r i c  hea t ing  elements made o f  molybdenum a t  t he  
bottom o f  the  tank p rov ide  f i n e  temperature c o n t r o l  o f  t he  g l a s s  
stream. Th is  furnace- design i s  capable o f  o p e r a t i n g  a t  
temperatures i n  excess o f  2000" C. 
F i g u r e  11 shows the  
s p i n n e r e t t e ,  which t u r n s  
Spinneret te  
Fibers the  mol ten g l a s s  i n t o  g l a s s  Glass 
f i b e r s .  F i g u r e  12 i s  an 
-1 
"'f't, 
'6 
u p t  "<\<\,) 
\ 1,,,) \\.\.ww,, 
o b l i q u e  view. The 
s p i n n e r e t t e  i t s e l f  is a 
double-wal led basket made 
of  machined g r a p h i t e .  A 
c u r r e n t  i n d u s t r i a l  v e r s i o n  
of t h i s  d i sk  i s  about 18 rotor I inches i n  diameter and -
s p i n s  a t  about 2500 rpm. F i g u r e  11 
Th is  r o t a t i o n  p rov ides  a c e n t r i f u g a l  a c c e l e r a t i o n  o f  r o u g h t l y  1600 
g ' s  a t  the  ou te r  sur face.  Holes i n  the  i n n e r  sur face  d i s t r i b u t e  
g l a s s  streams t o  the  o u t e r  sur face .  F i n e  ho les  i n  the  ou te r  
su r face  f o r c e  the  g l a s s  i n t o  very  f i n e ,  d iscont inuous  
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fibers. These fibers fly away from 
the disk in an arc. The entire 
process looks and behaves very much 
like a cotton candy machine. 
The collection and coating 
process poses more problems that 
most of the other plant components. 
Figure 13 i s  Clemson's proposed 
solution. Double sets of wringer 
rollers are placed horizontally 
around the perimeter o f  the disk at 
a suitable distance. Fibers fly 
' . . *  
* . . '  
Figure 12 
into the rollers, which are 
coated to prevent adhesion of the fibers to the rollers, and are 
compressed into a fibrous mat. Metal is added to this mat in 
between the roller sets. The final set of rollers compresses and 
consolidates the product into a thin sheet of metal-matrix 
fiberglass. The rollers.may have t o  be heated t o  consolidate the 
C o l l e c t i o n K o a t i n g  material properly . 
The glass and metal 
stick t o  
themselves and to each 
other fairly well; 
they will have a high 
surf ace energy in =?-?- Rollers Rol lers  vacuum because there 
Spun ibers Metal Drops Fiberglass Sheet should 
nf I o"b00l 
Figure 13 
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will be n o  atmospheric gases or water vapor to contaminate the 
surface. 
End Products 
Beams 
Panels 
Figure 14 
Tubes 
Lunar base 
construction will demand 
more than thin fiberglass 
sheets. Figure 14 shows 
some of the stock end 
products that the base 
will require. The roller 
setup i s  quite versatile, 
since each roller set can 
produce a different 
product. Beams can be made 
by folding fiberglass sheets back and forth accordion-style and 
pressing them together. Panels similar t o  plywood will result 
from pressing several sheets of fiberglass together. Tubes and 
rods can be made by rolling a fiberglass sheet until the desired 
thickness i s  obtained. A s  the plant matures, more advanced shapes 
may be developed. 
SUMMER APPARATUS 
The 1987 summer experimental apparatus (Figure 15) still 
utilizes the textile process a s  did last year's setup; however, 
some changes were made. The vapor generator which was t o  coat the 
fibers has been replaced with a liquid metal melt pot. The melt 
pot will form a drop o f  metal held in place by surface tension 
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Insulation - 
Elements - 
Crucible - 
Vacuum 
Chamber 
4 
Setup f o r  Making Samples 
Figure 15 
(Arridge, 1964). The 
fiber will be coated as 
it passes through the . 
droplet. 
The glass melt 
furnace has been 
redesigned to withstand 
temperatures in excess 
o f  1600" C. Three 
layers of insulation 
are used instead of 
one. The inner wall is 
made of 1.5-inch-thick 1600° C rated fiberboard; next is a buffer 
zone o f  1/4-inch of KaowoolTR blanket, and the outside wall is 
1/2-inch-thick 1400O C rated fiberboard. 
The system still uses a 6.25-inch diameter take-up reel 
capable of safely turning at 425 rpm. A new stand-alone 
microprocessor-based programmable controller for the translation 
motor was designed; it will be built at Johnson Space Center. Cl 
digital optical tachometer that resolves to the nearest rpm, 
updates every second, and has a bus suitable for adding 
closed-loop speed control was also built. The furnace, in 
addition, has its own heavy-duty metered variac. 
Cln independent metal-melting furnace was built at JSC. Metal 
will be melted in crucibles in this furnace. Several techniques 
for making composites will be studied: forming a 
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randomly-oriented composite by mixing short fibers into liquid 
metal, forming a unidirectional composite by wicking metal up 
through a fiber bundle, and generating an ordered composite by - 
pouring matrix material over oriented fibers. 
SUMMER WORK 
Experiments 
Examine lunar glass compositions that follow the trend of 
soil samples 60501 and 61221 and glass sample 67975. 
Produce a metal-matrix composite of bottle glass fibers 
in a M g / A 1  alloy matrix 
Produce a metal-matrix composite of lunar glass fibers in 
a Mg/CI1 alloy matrix 
Produce a metal-matrix composite of lunar glass fibers in 
an Fe/Ti alloy matrix 
Process and melt glass in a vacuum 
Produce a composite in vacuum 
Construction 
Build a temperature control center for the glass 
melting furnace 
Build a glass droplet catcher for use in the vacuum 
chamber 
Build the microprocessor-based stepper motor controller 
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CONCLUSION AND RECOMMENDATIONS 
Th is  r e p o r t  p resents  a des ign f o r  a l una r  p l a n t  t h a t  makes 
f i b e r g l a s s  from A p o l l o  16 r e g o l i t h .  The Clemson U n i v e r s i t y  design 
team i n t e n d s  f o r  t h i s  p l a n t  t o  he lp  b u i l d  the  i n f r a s t r u c t u r e  f o r  a 
l a r g e l y  s e l f - s u p p o r t i n g  l una r  base. The subsystems need more 
d e t a i l e d  work, and some exper imenta l  work i s  needed. The sc ience 
of  lunar  g l a s s  composi t ions m a t r i x  meta ls ,  and t h e i r  behavior  and 
i n t e r a c t i o n s  under lunar  c o n d i t i o n s  need t o  be s t u d i e d  i n  the  
l a b o r a t o r y .  Th i s  i n f o r m a t i o n  i s  needed i n  o rde r  t h a t  an optimum 
process and m a t e r i a l  be f u l l y  designed. 
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APPENDIX A: fiERIAL ROPEWAY TRfiNSPORTATION SYSTEM* 
*Note: T h i s  t e x t  i s  taken verba t im from a T ranspor ta t i on  
Committee r e p o r t  w r i t t e n  by B i r g i t  Loescher. 
Advantaoes 
There a r e  many advantages which f a v o r  an a e r i a l  ropeway as a 
l una r  raw m a t e r i a l  t r a n s p o r t  system. k c o r d i n g  t o  Schneiger t  
(19661, c o n s t r u c t i o n  t ime  f o r  an a e r i a l  ropeway i s  s h o r t e r  than 
f o r  r a i l r o a d s  o r  roads, t h e  un load ing  and load ing  i s  s u i t e d  toward 
f u l l  automation, s teep g r a d i e n t s  can be surmounted, and t h e  
s e r v i c e  l i f e  can exceed 10 t o  15 years.  The Trenton I r o n  Company 
(1896) l i s t s  o t h e r  advantages as being " f r e e  from s e r v i c e  
t r a f f i c ' ,  hav ing low opera t i on  cos ts ,  and t h e  a b i l i t y  t o  load and 
unload a t  t he  exac t  spo ts  needed, thus e l i m i n a t i n g  rehand l ing .  
Furthermore, t h e  a e r i a l  ropeway has t h e  main advantage o f  
f l e x i b i l i t y  and a d a p t a b i l i t y  f o r  go ing  i n t o  t h e  c r a t e r s  and over 
t h e  h i g h  h i l l s  on t h e  l u n a r  sur face.  
Disadvan taqes 
Severa l  d isadvantages o f  an a e r i a l  r a i l w a y  system inc lude :  
f i x e d  l o c a t i o n  o f  load-unload s t a t i o n s  and r i g i d i t y  o f  t h e  r o u t e  
(Schne iger t ,  1966). I n  a d d i t i o n ,  t h e  implementat ion o f  t h i s  
system assumes t h a t  enough m a t e r i a l  can be mined from an area t o  
j u s t i f y  t h e  set-up o f  a system. Al though t h e  system can be made 
t r a n s p o r t a b l e  (Schne iger t ,  1966), t h e  c o s t  o f  each move i n  
manpower and energy migh t  prove t o  be a major l i m i t i n g  f a c t o r .  
However, d e s p i t e  these disadvantages, t h e  a e r i a l  r a i l w a y  s t i l l  
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provides a viable solution to the problem of raw material 
transportation. 
Components 
Industrial Ropeways were first patented in 1856 (Schneigert, 
1966). Although much has changed in the way of energy generation 
and motor drives since that time, the basic principles of ropeways 
have remained. Fs "car" travels along a ropeway which is 
circulating or fixed from a beginning "station" to an end 
"station". The component parts of an industrial ropeway (Figure 
16) include the ropes, the cars, the trestles, the stations, and 
the driving and return gears (Schneigert, 1966). 
FIG. 19. Arrangement of a monocabie ropeway. 
I - carryin g-hauling rope. a - tension weight. J - drive, I - r e m  shuve. 5 - w. 
Figure 16 
The ropes used in an aerial ropeway are made of steel wire 
for the purpose of carrying and hauling tension a s  well a s  
signalling (Schneigert, 1966). A ropeway can be classified by the 
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number o f  ropes i t  uses. A monocable ropeway o n l y  has a s i n g l e  
rope which c a r r i e s  and p u l l s  a ca r .  6 b i c a b l e  ropeway has two 
ropes : one t o  c a r r y  t h e  c a r  and t h e  o t h e r  t o  p u l l  t h e  car .  The 
Trenton I r o n  Company (1896) recommends a s i n g l e  l i n e  f o r  " s h o r t  
l i n e s  and l i g h t  se rv i ce . "  I t  can c a r r y  loads  up t o  150-200 tons  
per hour (Schneiger t ,  1966). I n  a p p l y i n g  t h i s  t o  a l u n a r  
t r a n s p o r t a t i o n  system, a monocable system should be employed 
i n i t i a l l y  as t h e  amount o f  raw m a t e r i a l  p r o j e c t e d  i s  o f  a smal l  
q u a n t i t y .  T h i s  then can be made t r a n s p o r t a b l e  t o  r e l o c a t e  t o  
another s i t e  o r  can a l s o  be upgraded i n t o  a b i c a b l e  system i f  an 
i nc rease  i n  needed load should occur.  
The c a r s  ( F i g u r e  17) c o n s i s t  o f  a lock-unlock dev ice,  hangar, 
and c a r r i e r  (Schne iger t ,  1966). Cars can be made t o  t i p  t h e i r  
con ten ts  a u t o m a t i c a l l y  o r  un lock  a t  a s t a t i o n .  Loading can a l s o  
be s i m i l a r l y  accomplished. To s o l v e  t h e  problem o f  moving meta l  
p a r t s  " s t i c k i n g "  i n  a vacuum, a s e l f - l u b r i c a t i n g  system should be 
i nco rpo ra ted  i n t o  t h e  c a r r i a g e .  
T r e s t l e s  suppor t  t h e  rope a t  p o i n t s  i n  b e t w e e n  s t a t i o n s .  T h e  
number and h e i g h t  o f  t h e  t r e s t l e s  depend on t h e  ground p r o f i l e  
over  which the  rope t r a v e l s  (Schne iger t ,  1966). T r e s t l e s  can be 
made o f  s t e e l ,  r e i n f o r c e d  concrete,  o r  wood. Consider ing t h e  need 
f o r  l i m i t i n g  t h e  weight  o f  b u i l d i n g  m a t e r i a l s  t ranspor ted  t o  t h e  
Moon, a l i g h t w e i g h t  meta l  frame system t h a t  can be assembled on 
t h e  l u n a r  su r face  would be the  most economical system. However, 
problems may be encountered i n  deve lop ing  a s t a b l e  concre te  
foundat ion  from luna r  m a t e r i a l s  f o r  t h e  t r e s t l e s .  
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Figure 17 - Typical Cable Car 
The stations house 
the driving and return 
gears for the ropeway. 
They terminate each 
ropeway section at each 
end (Schneigert, 1966). 
Electricity, generators, 
and engines act a s  
sources o f  supply of the 
needed power. The 
speeds necessary t o  load 
-- un load wi thou t 
stopping the cable are 
usually 1 to 3 m/ s  (Schneigert, 1966). The amount o f  material to 
be transported will be the determining factor in the amount o f  
power needed. 
Loading and unloading can be accomplished by unlocking and 
locking cars at either or both ends. Automatic measuring feeders 
which use conveyor belts can unload without taking the c a r  o f f  the 
line (Schneigert, 1966). Materials can be stockpiled near the 
unloading station (located a s  close to the furnace a s  feasible). 
The use of an aerial ropeway transportation system to move 
raw materials from mine to factory on the lunar surface appears to 
be a workable solution. Its design has been used extensively and 
successfully in industry. It is hoped that this transport system 
will not only aid in the success of the facility but also aid in 
the facility's growth. 
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APPENDIX B: MIRROR OPERATION AND SIZING 
The total insolation falling on the primary furnace mirrors 
is proportional to the cosine of the sun's angle from the zenith. 
If the minimum power that we want available is 1/2 of that peak 
input (corresponding to 1/2 of the mirrors totally illuminated), 
then we have an operations "window" 120 degrees wide: 
arccos 0.5 = 60- 
60° increase of sun angle on one side 
+ 60" decrease of sun angle on opposite side 
~ 
120° total available for operating furnace 
This span is 113 of a lunar day, or 9.1 Earth days. O f  course, 
operation outside this window is possible. The decreasing solar 
energy is still useful heat. The same throughput may be 
maintained with increased electricity useage, or the same level of 
power useage will result in decreased production. 
The primary mirror sizing equation depends on these 
variables: 
F - furnace input power ( W )  
N - number of mirrors 
P - insolation (W1m-r) 
emp - mirror reflectivity for a primary heliostat 
ems - mirror reflectivity for the subreflector 
C - concentration ratio of subreflector 
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The concen t ra t i on  r a t i o  o f  the  s u b r e f l e c t o r  i s  the r a t i o  o f  
the  s u b r e f l e c t o r  area t o  the  focussed spot  area: 
where 
A = area o f  s u b r e f l e c t o r  ( m 7 )  
S = area o f  spo t  ( m 7 )  
We w i l l  use the  f o l l o w i n g  values: 
P = 1380 W/m7 ( g i v e n )  
emp = 0.95 (assumed) 
ems = 0.95 (assumed) 
S = 0.01767 m7 ( f o r  a 15-cm diameter h o t  spo t )  
The des ign equat ion  i s  as f o l l o w s :  
N A 
2 S 
F = --- 4 P 4 emp 4 ems 4 --- , 
which reduces to :  
F = 35,239 I A I N 
The f i n a l  s e l e c t i o n  o f  CI and N depends on such f a c t o r s  as the  
convenient  s i z e  o f  a h e l i o s t a t  and how much power the  furnace w i l l  
r e q u i r e .  The l a t t e r  i s  q r r a t l y  dependent of the  e m i s s i v i t y  and 
r e f l e c t i v i t y  o f  the  raw batch.  These concerns have n o t  been f u l l y  
addressed ye t .  
28 
, 
APPENDIX C: PARENT FURNACES 
Pouchet Furnace 
1 - Raw Batch 
2 - R e f r a c t o r y  Wal l  
3 - Molten Glass 
4 - E l e c t r o d e s  
American Gas I n s t i t u t e  Furnace 
1 - Batch Feed 
2 - Gas Flames 
3 - Hot  Knob 
4 - Molten Glass 
5 - R e f r a c t o r y  Wal l  
1 
2 
3 
4 
F i g u r e  19 - Pochet Furnace 
1 
F i g u r e  19 - American Gas 
I n s t i t u t e  Furnace 
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FIPPENDIX D: LUNGR FURNFICE SIZING 
The design parameters which yield furnace dimensions for a 
given production rate can be calculated from the following 
equation (variables reference Figure 20): 
r4 f h 
l f n  
flow rate = ------ f D f g  
where 
r = radius of the nozzle 
h = height of the glass above the nozzle 
1 = length of the parallel section o f  the nozzle 
n = viscosity of the glass 
D = density of the glass 
g = acceleration due t o  gravity 
Figure 20 - Glass Nozzle Parameters (Doyle, 1979) 
Observing that g i s  in the denominator, it can be seen that a 
flow rate on Earth would be six times greater than one calculated 
for the Moon. 
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